Objective: Tuberculosis (TB) is a major public health problem in China, and contriving a long-term forecast is a useful aid for better launching prevention initiatives. Regrettably, such a forecasting method with robust and accurate performance is still lacking. Here, we aim to investigate its potential of the error-trend-seasonal (ETS) framework through a series of comparative experiments to analyze and forecast its secular epidemic seasonality and trends of TB incidence in China. Methods: We collected the TB incidence data from January 1997 to August 2019, and then partitioning the data into eight different training and testing subsamples. Thereafter, we constructed the ETS and seasonal autoregressive integrated moving average (SARIMA) models based on the training subsamples, and multiple performance indices including the mean absolute deviation, mean absolute percentage error, root-mean-squared error, and mean error rate were adopted to assess their simulation and projection effects. Results: In the light of the above performance measures, the ETS models provided a pronounced improvement for the long-term seasonality and trend forecasting in TB incidence rate over the SARIMA models, be it in various training or testing subsets apart from the 48-step ahead forecasting. The descriptive results to the data revealed that TB incidence showed notable seasonal characteristics with predominant peaks of spring and early summer and began to be plunging at on average 3.722% per year since 2008. However, this rate reduced to 2.613% per year since 2015 and furthermore such a trend would be predicted to continue in years ahead. Conclusion: The ETS framework has the ability to conduct long-term forecasting for TB incidence, which may be beneficial for the long-term planning of the TB prevention and control. Additionally, considering the predicted dropping rate of TB morbidity, more particular strategies should be formulated to dramatically accelerate progress towards the goals of the End TB Strategy.
Introduction
Tuberculosis (TB) still remains one of the top ten leading causes of death globally, despite an average decline of around 1.6% and 5% per year in TB morbidity and mortality rates, respectively, in the period 2000-2018, and since 2011 it has also been the foremost cause of death from a single infectious pathogenic factor, ranking above HIV/AIDS. [1] [2] [3] In 2018, there were an estimated 10.0 million people fallen sick with TB, and an estimated 1.2251 million deaths directly or indirectly attributable to TB. 2 In WHO's list of 30 high TB burden countries with proportion up to 87% of all estimated incidents globally in 2018, eight of them made up two-thirds of the global totals.
Among them ranking the second is China (9%), in spite of progress in lowering TB morbidity (on average, approximately 3% annually) over the past decade. 2 Moreover, TB has caused catastrophic health expenditure (CHE) among TB-affected households, accounting for 49% of the average annual income of their families, and the latest publication documented that the CHE incidence was up to 66.8% in China, which was measured through household income. 4, 5 To dramatically accelerate fight against this life-threatening disease, WHO has proposed the End TB Strategy in 2014, which includes milestones with a reduction of 20% and 50% in TB morbidity rate for 2020 and 2025, respectively, and targets with a decline of 80% and 90% in TB morbidity rate for 2030 and 2035, respectively, compared with the levels of 2015. 6 At present, the slow fall in TB morbidity in China is attended by the increasing drug-resistant TB, TB-HIV dual infection, population movement, and other TB-related comorbidities such as influenza, diabetes, and hypertension, etc., these may result in a risk of recurrence in TB incidence. 1, 7, 8 Therefore, to be on track to achieve the WHO's goals during different periods, accurate projection for the long-term seasonality and trends of TB epidemics will be significantly valuable for guiding emergency preparedness and decision-making process of TB control.
There is an abundance of computational models used to simulate and forecast time series in various research domains, such as business, environmental engineering, finance and economy, and medicine, etc., 9 -11 yet most of them focused on a short-term forecasting. Such a predictive period may provide limited clues for the process of the decision-making in applications. Thereby exploring a longterm predictive tool applied to model target time series is of great value for the optimization in resource allocations, particularly for infectious diseases. Currently, albeit the standard exponential smoothing (ES) methods under a linear assumption have widely been employed to handle numerous forecasting problems, recent advance in methodologies has embedded these methods into a modern dynamic nonlinear technique framework, designated as Error-Trend-Seasonal (ETS) framework. [12] [13] [14] Specifically, this ETS framework that gives an expansion to the standard ES methods such as Holt and Holt-Winters additive and multiplicative techniques and provides a theoretical basis for analysis of possible ES methods with state-space based likelihood calculations, this will in turn strengthen their status, and thus allowing them to not only reflect the internal state of a time series but to display the relationship between the internal state and the external inputs and outputs. 12, 15 Also, the ETS techniques are able to describe the state of a system using the present and past minimum information in a time series, which allows the ETS approaches to handle any time series even with both heterogeneity and non-linearity, and hence having the potential to conduct long-term predictions for a time series. 15 As a result, given its excellent properties of the ETS framework, in this study, we aimed to investigate its suitability for the application in analyzing and assessing the secular seasonality and trends of TB incidence in China. Meanwhile, in order to test and validate the ETS approaches' favorable flexibility, we also modeled the TB incidence series using the most popular autoregressive integrated moving average (ARIMA) technique. Further, their mimic and predictive performances were compared.
Materials and Methods

Data Collection
We extracted the data on the monthly and yearly TB incidence counts from January 1997 to August 2019 and their corresponding population numbers from the National Health Commission of the People's Republic of China (http://www.nhc.gov.cn/wjw/index.shtml), disease surveillance website (http://www.jbjc.org/) and China health statistical yearbook database. A total of 272 months' data spanning 23 years were obtained. Then, we partitioned our data into different training and testing subsets (i.e. successive ahead forecasting datasets including 12, 24, 36, 48, 72, 96, 108, and 132 steps were reserved) so that a series of experiments were undertaken to compare their individual abilities of the short-run and long-run simulations and predictions between ARIMA and ETS approaches. All data applied in this time series analysis were gathered in an anonymous format and failed to access to any personal identifying information in addition to the publicly available incidence counts, thus the consent is not entailed.
Establishment of SARIMA Method
As epidemiologically monthly time series often contains noticeable seasonal and cyclical fluctuations, 16 hence in this study we constructed a seasonal ARIMA (SARIMA) method to model our data. In this model, the seasonality of TB incidence data was deemed as predictors and monthly TB incidence data as the response variable. Its general form is expressed as SARIMA(p, d, q) (P, D, Q) s , where s denotes the seasonal period length; p, d, and q are the autoregressive order (AR), the non-seasonally differenced times and the moving average order (MA), respectively; P, D, and Q represent the seasonal AR (SAR), the seasonally differenced times, and the seasonal MA (SMA), respectively.
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The SARIMA methods were established with four steps containing data preprocessing, model parameters' identification and estimation, diagnostic checking, and forecasting forward. 18 Initially, the Augmented Dickey-Fuller (ADF) test was used to investigate its stationarity of TB incidence series as the prerequisite for SARIMA-erecting model is to satisfy this requirement. 19 For a non-stationary series, the logarithm or square root transformation and differencing are commonly used to help stabilize its varying variance and average over time. 20 Secondly, using the autocorrelation function (ACF) and partial ACF (PACF) graphs to choose the possible values of p, q, P, and Q. By doing so, more models than one were identified. 16, 18 Of them, the one that maximized the coefficient of determination (R
2
) and minimized the normalized Bayesian information criterion (BIC) was considered the best-conducting. Subsequently, statistical checking for the selected best-mimicking model, in which the identified parameters should show a significant difference (P<0.05) and its fitted residuals should display a white noise sequence. 18 Finally, once this identified best-fitting model passed all above checking, a projection into the future can be performed with it.
Development of ETS Framework
The conventional ES methods often have a restricted capability to handle highly non-stationary or non-linear time series because of their linear essence, although there is a wide use in practice. 15 In order to overcome this defect, researchers develop the ETS techniques that embed the standard ES models in a modern dynamic nonlinear model framework. 12 As such, this novel framework can be employed to handle more complicated time series as it considers the possible additive or multiplicative combinations of the trend, seasonality, and residual components of a time series using 30 alterative choices prior to choosing the bestfitting method to model this series. 13 For an ETS specification, its individual components are presented in Table 1 . And given any ETS framework, its parameters and initial states' values can be specified as θ Ã ¼ α; β; γ; δ ð Þ and 
Performance Measures
Four measure indices including the mean absolute deviation (MAD), mean absolute percentage error (MAPE), root mean squared error (RMSE) and mean error rate (MER) were employed to compare and assess the mimic and predictive accuracies between the optimal SARIMA and ETS methods. The model that gives smaller values among the above indices in both fitting and projection parts is considered the best-performing.
where X i is the actual TB incidence data,X i signifies the mimic and predictive TB incidence data, X i refers to the averages of the actual TB incidence data, N represents the number of simulations and projections.
Data Analysis
We examined the secular TB epidemic trends and changes with the measures of annual percent change (APC) and average annual percentage change (AAPC) using the joinpoint regression program (version 4.7.0). 23 We employed the forecasting function of SPSS software (version 17.0, IBM Corp, Armonk, NY) and the packages of "forecast"
and "tseries" of R software (version 3.4.3, R Development Core Team, Vienna, Austria) to develop the SARIMA method, and using the Eviews10.0 software (IHS, Inc. USA) to establish the ETS techniques. Statistical significance level was set at a two-sided P<0.05.
Results
Descriptive Analysis
From January 1997 until August 2019, there were 24,078,923 cases reported of TB in China with an average 88,526 cases per month, leading to an average monthly and annualized morbidity rates of 6.722 and 63.498 per 100,000 persons, respectively. As shown in Figure 1 , the overall TB epidemic trend appeared to be significantly ascending with AAPC=4. subsequent year, particularly in January and February annually (Figures 2 and 3 ).
The Best-Undertaking SARIMA Models
We performed an ADF test for the TB morbidity series prior to constructing models (ADF=−0.788, P=0.365), indicating that there was a unit root. Thus, based on the ADF test and the marked seasonal fluctuation in the TB incidence series ( Figure 3 and S1), the log-transformation and square root transformation were applied to the series to stabilize its variance-varying over time. Looking at Figure S2 , being suggestive of a similar trend between these two transformed series. We discovered that the square root transformation seemed to be more suitable for our data after trying these two approaches. Further, this transformed series was seasonally and non-seasonally differenced once, respectively, to meet the stationary need of SARIMA-developing model (ADF=−19.525, P<0.001), suggesting that it is now stationary ( Figures S3 and S4 ). Subsequently, according to the spikes in the ACF and PACF graphs plotted with the differenced series, some possible SARIMA models were selected to perform further investigation. After attempting by trial and error, we noticed that a sparse coefficient SARIMA (0,1,(1,10))(0,1,1) 12 model was supposed to be the bestundertaking among all candidate models as this model gave the largest stationary R 2 of 0.617 and R 2 of 0.931 as well as the minimum normalized BIC of −0.753 (Table 2) . Moreover, all the identified parameters showed a statistical significance and the residuals produced by this sparse coefficient model actualized a white noise sequence (Table 2 and Figure 4 ). Therefore, 12-step ahead forecasts could finally be completed by employing this best-fitting model ( Figure 5A ). Likewise, following the modeling procedures in the 12-data ahead predictions, we could obtain the bestperforming SARIMA models for 24, 36, 48, 72, 96, 108, and 132 data ahead projections (Table 2 and Figure 5 and S5-S11).
The Best-Undertaking ETS Models
Altogether 30 candidate models were derived by applying the ETS framework to the TB incidence data from January 1997 to August 2018 (Table S1) Tables 3 and S2 . Furthermore, this method showed a similar performance on training and forecasting sets, so there is likely no overfitting (Table 4) . Based on these results, we believed that this derived best-conducting ETS method is appropriate for the TB morbidity series forecasting ( Figure 5A ). In the same way, we could also identify the preferred ETS approaches used to conduct a prediction into future 24, 36, 48, 72, 96, 108 and 132 months by comparing the above six performance measures in the training subsamples and judging whether there was overfitting between training and testing subsets (Tables S3-S15 and Figure 5 ).
Performance Comparisons Among Models
The constructed ETS methods were compared with the SARIMA approaches from two aspects of simulation and projection based on the measures including MAD, MAPE, RMSE, and MER. As shown in Table 4 , it was seen that the ETS models displayed lower values of performance indices in both training and testing sets except for the 48-step ahead forecasting. And as presented in Figure 5 , together the ETS approaches could better capture the secular epidemic trends and seasonality of TB incidence though the predictive accuracies continued to slightly degrade, in tandem with the increases of the ahead forecasting time steps. By contrast, the SARIMA models have deviated from the epidemic trajectories of TB morbidity after 48-data ahead forecasting. Due to its superiority of the ETS framework in modeling TB morbidity series, we thus established the ETS(M,M,M) method derived from the entire dataset to project TB incidence rate into 2035 ( Figure 6 ). As illustrated in Figure 1 , albeit the TB incidence continued to display a downward trend at 2.613% (95% uncertainty interval: 2.473% to 2.752%) per year during the projection periods, it showed major challenges ahead to achieve the WHO's milestones and goals in China. Abbreviations: SARIMA, seasonal autoregressive integrated moving average; AR1, autoregressive, lag1; MA1, moving average, lag1; MA10, moving average, lag10; SAR1, seasonal autoregressive, lag1; SMA1, seasonal moving average, lag1; SE, standard error.
Discussion
TB invariably remains a major public health issue in China and worldwide. 1 Early warning for its long-term epidemic trajectories may serve as a base for the decision-making process and facilitate the allocation of health-care resource under dynamic demand. In this work, we explored its potential of the ETS framework and its suitability through a series of comparative experiments for the application in analyzing and estimating the long-term epidemic seasonality and trends of TB incidence in China. As far as we know, no published research has been found until now to perform a long-run TB incidence prediction using this framework. Our findings revealed that by comparison with the SARIMA models, overall the ETS techniques provide a higher-precision approximation to the secular seasonality and trends of TB incidence in both the shortrun and long-run forecasting periods. Moreover, although there is a reduction performance with the increased time steps, the long-term predictive results still remain robust and reliable as the performance measure of MAPE presents a value of less than 0.2 in all multi-step-ahead predictions. The MAPE value is commonly utilized to measure accuracy of a forecast, a model with this index value lower than 0.2 is deemed good. 13 Our prior study documented that the mixed SARIMA-nonlinear autoregressive neural network with exogenous variables technique also has the potential to assess the secular epidemic trends of TB notified cases, in which the prediction performance into the future 75 time steps was MAPE=0.221. 24 However, we found that the ETS framework (MAPE=0.053 and MAPE=0.093 for 72-data and 96-data ahead forecasting, respectively) still showed a remarkable improvement over the above mixed method by comparing their forecasting performances. Therefore, the ETS models can emerge as a useful tool in studying the long-term epidemic patterns of TB incidence in China. Further, this ETS framework can also play an important part in evaluating the long-term effects of new prophylaxis, such as the optimization of the current tools, the introduction of the new vaccine, the directly observed antimicrobial treatment, and/or other intervention strategies. If the estimated TB epidemic levels are higher than In these plots, the shaded areas displayed the predictive results using the SARIMA and ETS models, suggesting that the ETS methods captured the dependent structures well, particularly for the long-term forecasting time steps. Abbreviations: ETS, error-trend-seasonal; LL, likelihood; AIC, Akaike information criterion, BIC, Bayesian information criterion; HQ, Hannan-Quinn criterion; AMSE, average mean square error.
that of the actual after a new intervention has been applied in the population, showing that such a measure is effective. Besides, we noted that the predictive results using the SARIMA model were highly accurate before 48-data ahead, whereas after that, this model failed to be applicable to estimate the TB epidemic behaviors. This finding further validates the usefulness of ARIMA as a short-or medium-term forecasting method.
The ARIMA method is comprised of an autoregressive method and a moving average method. 25 Since this approach is without requirement for a previous assumption regarding the development model of a time series; hence, it has widely been adopted to model diseases morbidity or mortality time series with both non-seasonality and seasonality. 26 Even for a non-stationary time series, after preprocessing with the transformed method of logarithm or square root and/or difference, the ARIMA model is also applicable. 25 For instance, Liu et al established a SARIMA(0,1,2)(0,1,1) 12 method to estimate the TB epidemic trends in Jiangsu Province of China. 26 Earnest et al constructed an ARIMA (1,1,0) approach to forecast the prostate cancer incidence and mortality rates in Australia. 27 Though the above models attained a satisfactory performance for their target time series, the linear essence of the ARIMA model gives rise to a restricted capability to unearth the non-linear relationship in a time series, 18 this may account for the reason that the ARIMA model is adept in conducting short-or medium-term predictions. Nevertheless, differing from the ARIMA model, for a given either stationary or nonstationary time series, the ETS framework containing 30 possible combinations of error, trend, and seasonality by incorporating the conventional ES techniques with the state space techniques can not only explore the linear relationship using its seasonality and trend terms but investigate the non-linear relationship with its error term, 15 which enables it to extract both linear and nonlinear information. Considering its superiority of the ETS framework in analyzing time series, it appears that this framework may be transferable to investigate the longterm epidemic patterns for other infectious diseases or TB incidence in other areas, while much work is still needed to validate its suitability. In addition, it should be noted that the Lee-Carter and GenericPred methods are recently shown to be helpful in examining the long-term epidemic behaviors of diseases incidence. 11, 28 Thus, future researches are expected to make comparison about their long-term forecasting performances between the ETS framework and the above-mentioned methods. Another worth noting is that there may be underprojection or overprojection during the process of ETS model development, which may have an effect on its generalization ability of this model. 26 In our research, to avoid such an effect, we selected the preferred ETS model based on multiple performance indices, and then we could identify whether there was an underfitting or overfitting by comparing their performances between in-sample data and hold-out data. As such, we can eventually obtain the optimal and the most appropriate one. In this study, we detected that TB is a seasonal disease with high-risk seasons mainly occurring in spring and early summer. The seasonal characteristics agree with those observed in earlier researches in China, 24, 29 also in line with those in the United States, Korea, Mongolia, and Kuwait. 30 But inconsistent with whose in Spain (which peaked June), 31 Japan (which showed a semi-annual highrisk season peaking in June and October, respectively), 32 and Iraq (which peaked in spring and winter). 33 To date, there is in the absence of exact causes that can be used to account for the seasonal patterns of TB incidence in China, yet given that there is an average incubation period of 4 to 8 weeks from TB infection to onset of symptoms and it still is required for an about 2-month delay from symptom appearance to clinical diagnosis. 34 The following causes seem to be of special concern. Firstly, growing work has been documenting that ambient air pollutants including PM 2.5 , PM 10 , CO, NO 2 , O 3 , SO 2 and air quality index (AQI) are positively linked with TB seasonality.
35,36 Figure 6 Annual TB incidence projections up to 2035 using the ETS(M,M,M) method based on the entire dataset. As illustrated, albeit the TB incidence continued to display a declined trend at 2.613% per year in China, it showed major challenges ahead to achieve the WHO's milestones and goals.
While the air pollutant has been a major public health problem in recent years in China, especially in winter per year, the mean concentrations of pollutants are much higher than their standards. 35 Secondly, a previous systematic review and meta-analysis suggested a positive correlation between low serum vitamin D levels and TB. 37 Importantly, several studies have found that the decreased sunshine hours and its potential effect on vitamin D levels in winter appear to be in relation to TB incidence. 38, 39 Nonetheless, further studies with strong causal inference are required to verify this potential mechanism. Thirdly, greater indoor crowding in winter may lead to an increased likelihood of TB transmission. 32 Finally, the most important reasons may be attributed to the "spring festival effect", prior publications have provided an in-depth discussion regarding this effect. 29 Additionally, the hunt for other plausible interpretations for the seasonal distribution of TB incidence is supposed to go on. TB incidence has continued to be plunging at the rate of 3.722% annually in China since 2008, which may be closely related to the government's ongoing efforts such as the increased scale up of vaccination coverage, the increasingly improved monitoring system for infectious diseases, an increased budget and an effective control and treatment. 25 Nevertheless, the downturn of TB morbidity starts to retard to be falling at 2.613% per year since 2015, which may be ascribed to the continuously upsurged drug-resistant TB, the increased floating population and the coinfections of HIV-TB as well as other TB-related comorbidities such as influenza, diabetes and hypertension, and the like in recent years. 1, 7, 8 Further, we used the ETS framework to estimate the TB incidence into future until 2035, indicating that TB incidence rate will continue to descend at about 2.613% per year between 2019 and 2035. But such a rate of decline in TB incidence being reached falls far short of what is required to achieve the WHO's milestones for 2020 and 2025 and targets for 2030 and 2035. 2 Therefore, there is still an urgent need for China that takes particular measures to dramatically accelerate the progress toward eliminating TB. The occurrence of TB is often affected and constrained by many complicated factors, which enables the TB incidence series to exhibit complex linear and nonlinear interactions, and thus simply using the single linear or non-linear methods fails to excavate its entire information reasonably well. 29, 40 In this study, we devoted to constructing a forecasting method with robust and accurate performance that can be used to analyze and estimate its secular trends and seasonal variation by considering the linear and non-linear clues hidden behind the TB morbidity series in China simultaneously. Moreover, the results emerged from a series of comparative experiments proved that we have succeeded. Nevertheless, there are still some shortcomings. Firstly, the TB incidence data used in our analysis are derived from the passive monitoring system of notifiable infectious diseases, the underreporting is thus inevitable. Secondly, we cannot obtain the detailed information (age and sex) concerning the TB cases, which precludes further sensitivity analysis in our work. Finally, the current findings might not be representative of the ETS framework is applicable for long-term forecasting for other infectious diseases, further experiments are still required.
Conclusions
The ETS framework can be used to undertake long-term forecasting for the epidemic trends and seasonality of TB incidence, and thus helping health professionals and decisionmakers in offering advanced warning for epidemic characteristics of TB in order to better inform prevention initiatives depending on the early detection for its long-term trends. Besides, under the present dropping trend of TB incidence, it is unlikely to realize the goals of ending TB epidemic by 2035. It is imperative that a particular TB control programme should be formulated to address this issue.
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